Shifts in diversification rates and host jump frequencies shaped the diversity of host range among 1
broad range of hosts. Host-parasite co-phylogenetic analyses pointed towards parasite radiation on 23 distant hosts long after host speciation (host jump or duplication events) as the dominant mode of 24 association with plants in the Sclerotiniaceae. The intermediate macro-evolutionary regime showed a 25 low diversification rate, high frequency of duplication events, and the highest proportion of broad 26 host range species. Consistent with previous reports on oomycete parasites, our findings suggest that 27 host jump and radiation, possibly combined with low speciation rates, could associate with the 28 emergence of generalist pathogens. These results have important implications for our understanding 29 of fungal parasites evolution and are of particular relevance for the durable management of disease 30 epidemics. 31
INTRODUCTION 33
The host range of a parasite has a central influence on the emergence and spread of disease 34 (Woolhouse & Gowtage-Sequeria, 2005) . There is a clear demarcation between specialist parasites 35 that can only infect one or a few closely related host species, and generalists that can infect more 36 than a hundred unrelated host species (Woolhouse et al., 2001 , Barrett et al., 2009 ). Host 37 specialization, when lineages evolve to infect a narrower range of hosts than related lineages, is a 38 frequent occurrence in living systems and can be driven by a parasite sharing habitat with only a 39 limited number of potential hosts. There are also clear examples of parasite adaptations that restrict 40 the use of co-occuring potential hosts. For instance, the red rust fungal pathogen Coleosporium 41 ipomoeae infects fewer Ipomoea species from its native community than when inoculated to 42 nonnative communities, implying that evolution within local communities has narrowed pathogen 43 host range (Chappell & Rausher, 2016) . Some isolates of the rice blast fungus Magnaporthe oryzae 44 are able to infect Oryza sativa japonica varieties but not indica varieties co-occuring in the Yuanyang 45 area of China, because their genome harbors numerous avirulence effector genes (Liao et al., 2016) . 46
It has been proposed that specialization results from trade-offs between traits needed to infect a 47 wide range of hosts (Futuyma & Moreno, 1988 , Joshi & Thompson, 1995 . It is frequently associated 48 with the loss of traits that are not required to infect a particular host, such as the loss of lipid 49 synthesis in parasitoid wasps (Visser et al., 2010) , and the loss of secondary metabolism and 50 carbohydrate active enzymes in powdery mildew fungal pathogens (Spanu et al., 2010) . Specialization 51 is sometimes considered as an evolutionary dead end (Moran, 1988) , since gene losses are often 52 irreversible and may lead specialist lineages "down a blind alley" that limits transitions back to 53 generalism (Haldane, 1951 , Day et al., 2016 . There is nevertheless evidence for transitions from 54 7 parameters every 1,000, removing 10% of the tree files as burn-in. The resulting trees were edited 140 with Figtree (available at http://tree.bio.ed.ac.uk/software/figtree/). 141
Ancestral state reconstruction 142
To infer possible ancestral hosts, we used Reconstruct Ancestral State in Phylogenies 3.1 (RASP) (Yu et 143 al., 2015) . We used the S-DIVA (Statistical-Dispersal Vicariance Analysis), Extinction-Cladogenesis model), BBM (Bayesian Binary MCMC) and BayArea methods to verify 145 congruence between the methods and assess the robustness of their output, as recommended by (Yu 146 et al., 2015) . We report the results of the S-DIVA analysis which is considered the best adapted for 147 host-parasite association analyses (Yu et al., 2015 , Razo-Mendivil & De Leon, 2011 . To implement S-148 DIVA, we delimited host groups as follows: Vitales (A), Asterids (B), Campanuliids (C), Commelinids 149 (D), coprophilous (E), core Eudicots (F), Eudicots (G), Fabids (H), Polypodiidae (I), Lamiids (J), 150
Magnoloidae (K), Malvids (L), Monocotyledones (M), Pinidae (N), allowing a maximum of 4 groups at 151 each node. Among these groups, the latest divergence is that of Malvids and Fabids, estimated 152 around 82.8 and 127.2 Mya (Clarke et al., 2011) and predates the emergence of Sclerotiniaceae 153 estimated at ~69.7 Mya in this work, we therefore did not restrict associations in the ancestral 154 reconstruction analysis. To account for incomplete sampling in this analysis, ancestral state 155 reconstruction was computed for every plant group by the re-rooting method (Yang et al., 1995) 156 under an entity-relationship (ER) model available in phytools (Revell, 2012) and derived from the ape 157 library in R (Paradis et al., 2004) . This method based on maximum likelihood, computed for every 158 nodes of the Sclerotiniaceae phylogeny the probability to infect a given group of hosts. We 159 considered plant groups as hosts when the probability of the ancestral state was >50%. For every 160 plant group, up to 10% of terminal nodes were pruned randomly 100 times and the ancestral state 161 reconstructed on pruned trees. For each plant group, we then extracted the variation in the age of 162 the most ancestral inclusion into the Sclerotiniaceae host range (Supplementary Figure 2) . For all 163 plant groups, this variation was not significantly different from 0, indicating that ancestral state 164 reconstruction was robust to tree pruning. 165 166
Divergence dating analyses 167
We used a Bayesian approach to construct a chronogram with absolute times with the program 168 BEAST 1.8.2. As no fossil is known in this fungal group, we use Sordariomycetes-Leotiomycetes 169 divergence time to calibrate the tree (~300 Mya, Beimforde et al., 2014) . Using our initial phylogeny 170 8 as a constraint, the partition file was prepared with the BEAUti application of the BEAST package. 171
Considering that our dataset includes distantly related taxa, subsequent analyses were carried out 172 using an uncorrelated relaxed clock model with lognormal distribution of rates. We used a uniform 173 birth-death model with incomplete species sampling as prior on node age, following (Beimforde et 174 al., 2014) to account for incomplete sampling in our phylogeny. Analyses were run three times for 100 175 million generations, sampling parameters every 5,000 generations, assessing convergence and 176 sufficient chain mixing using Tracer 1.6 (Drummond et al., 2012a) . We removed 20% of trees as burn-177 in, and the remaining trees were combined using LogCombiner (BEAST package), and summarized as 178 maximum clade credibility (MCC) trees using TreeAnnotator within the BEAST package. The trees 179
were edited in FigTree. The R packages ape (Paradis et al., 2004) and phytools (Revell, 2012) were 180 used for subsequent analyses. 181
Diversification analysis 182
We used the section containing all 105 Sclerotiniaceae species of the chronogram with absolute times 183 generated by BEAST to perform diversification analyses with three different methods. We first used 184 Bayesian Analysis of Macroevolutionary Mixtures (BAMM) version 2.5 (Rabosky et al., 2013 , Rabosky 185 et al., 2014 , an application designed to account for variation in evolutionary rates over time and 186 among lineages. The priors were set using the setBAMMPriors command in the BAMMtools R-187 package (Rabosky et al., 2014) . We ran four parallel Markov chains for 5,000,000 generations and 188 sampled for every 1000 trees. The output and subsequent analyses were conducted with 189 BAMMtools. We discarded the first 10% of the results and checked for convergence and the effective 190 sample size (ESS) using the coda R-package. Lineage-through-time plots with extant and extinct 191 lineages were computed using the phytool package in R (Revell, 2012) with the drop.extinct=FALSE 192 parameter. The exact number of Sclerotiniaceae species is currently unknown and no intentional bias 193 was introduced in data collection (Supplementary Figure 1) . To detect shifts in diversification rates 194 taking into account incomplete sampling of the Sclerotiniaceae diversity and tree uncertainty, we 195 used MEDUSA, a stepwise approach based upon the Akaike information criterion (AIC) (Alfaro et al., 196 2009 , Drummond et al., 2012b . For this analysis, we used the birth and death (bd) model, allowed 197 rate shifts both at stem and nodes, used the AIC as a statistical criterion with initial r=0.05 and 198 epsilon=0.5. Sampling of the fungal diversity is typically estimated around 5% (Hawksworth & 199 Host range is shown as circles at the tip of branches, sized according to the number of host families and colored as in (A) according to the earliest diverging plant group in host range. Numbers at the tip of branches refer to species listed in Supplementary Table 1 . Branch support indicated in light red for major clades corresponds to SH-aLRT (regular), bootstrap (bold) and Bayesian posterior probabilities (italics). Reconstructed ancestral host is shown as triangles at intermediate nodes when a change compared to previous node is predicted. Endophytes and biotrophic parasites are shown with empty circles. (C) Distribution of Sclerotiniaceae and Rutstroemiaceae species according to their number of host families. We used RASP (Yu et al., 2015) and phytools (Revell, 2012) to reconstruct the ancestral host range 277 across the phylogeny (Figure 1B, Supplementary Figure 1, Supplementary Figure 5 ). This identified 278
Rutstroemiaceae

Non pathogenic
Fabids as the most likely ancestral hosts of the Sclerotiniaceae family (relative probability of 100% in 279 S-DIVA and S-DEC analyses). Random tree pruning in phytools indicated that this result is robust to 280 sampling biases. Over 48% of the Sclerotiniaceae species are pathogens of host plants that evolved 281 prior to the divergence of the Fabids, suggesting numerous host jumps in this family of parasites. 282
Notably, a jump to Malvids and then to Monocots was identify at the base of the Botrytis genus (87% 283 and 85% probability in S-DIVA respectively), a jump to Commelinids occurred in the Myriosclerotinia 284 genus (91% probability in S-DIVA), a jump to the Ranunculales occurred at the base of the Sclerotinia 285 genus (76% probability in S-DIVA); a jump to Asterids was found at the base of a major group of 286
Monilinia (89% probability in S-DIVA). 287
A total of 73 Sclerotiniaceae species (69.5%) and 41 (73.2%) Rutstroemiaceae infected a single host 288 family (Figure 1C , Supplementary Table 1 ). Moellerodiscus lentus was the only Rutstroemiaceae 289 species infecting hosts from more than 5 plant families whereas eleven Sclerotiniaceae species 290 (10.4%) exhibited this trait, including Botrytis cinerea, Sclerotinia sclerotiorum, Sclerotinia minor and 291
Grovesinia pyramidalis, each of which colonizes plants from more than 30 families. Each of these 292 species belong to a clearly distinct phylogenetic group with a majority of species infecting a single 293 host family. This may result from radiation following host jumps (Choi & Thines, 2015) and suggests 294 that the ability to colonize a broad range of plant was acquired multiple times independently through 295 the evolution of the Sclerotiniaceae. 296 297
Two major diversification rate shifts in the evolution of the Sclerotiniaceae 298
To test for a relationship between host range variation and biological diversification in the 299 Sclerotiniaceae, we estimated divergence times for the fungal family Sclerotiniaceae using the ITS 300 marker in a Bayesian framework. A calibrated maximum clade credibility chronogram from these 301 analyses is shown in Figure 2A (and Supplementary Figure 6 ). This showed that Sclerotiniaceae fungi 302 shared a most recent common ancestor between 33.9 and 103.5 million years ago ( Branches of the tree are color-coded according to diversification rates determined with BAMM. Major rate shifts identified in BAMM are shown as red circles, noted s1, s'1, s2 and s'2 and labeled with the posterior distribution in the 95% credible set of macro-evolutionary shift configurations. Species names are shown in black if host range includes less than 5 plant families, in yellow for 5 to 9 plant families and in red for 10 or more plant families. Diversification rate shifts define three macro-evolutionary regimes noted G1, G2 and G3 and boxed in blue, grey and brown respectively. (B) Distribution of broad host range (5 or more host families) parasites in Rutstroemiaceae, Sclerotiniaceae and under each macro-evolutionary regime of the Sclerotiniaceae. P-values calculated by random permutations of host ranges along the tree are indicated above bars. Holo., Holocene; Mya, Million years ago; Plei., Pleistocene; Plio., Pliocene; Quat. Quaternary; Rut., Rutstroemiaceae. 
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Using this time-calibrated phylogeny, we calculated speciation and diversification rates using three 307 different methods, to control for the limits of individual methods (Rabosky et al., 2017) . First, we 308 used the BAMM framework, which implements a Metropolis Coupled Markov chain Monte Carlo 309 method to calculate diversification rates along lineages (Rabosky, 2014) (Figure 2A, Supplementary  310 Figure 7A-C). The analysis identified two significant rate shifts (s 1 and s 2 , accounting for > 30% of the 311 posterior distribution in the 95% credible set of macro-evolutionary shift configurations) each 312 immediately adjacent to a minor rate shift (s 1 ' and s 2 ' respectively; ≤10% of the posterior distribution) 313 within two different clades (Figure 2A) . Each shift affects a specific clade and is not detected 314 coincidentally across the whole phylogeny. The earliest shift occurred between 34.2 and 42.7 Mya. It 315 resulted in an increase of instantaneous diversification rate from ~0.05 lineage/million year in 316
Monilinia and related clades to ~0.08 lineage/million year in Sclerotinia and derived clades. The 317 second shift occurred between 9.8 and 21.7 Mya. It resulted in a further increase of instantaneous 318 diversification to >0.15 lineage/million year in Botrytis lineage. These two shifts defined three distinct 319 macro-evolutionary regimes in the Sclerotiniaceae. Second, to determine how speciation rates 320 changed over time, we computed lineage-through-time plots for the Sclerotiniaceae tree and 1000 321 trees in which we altered all branching times randomly by -15% to +15% to control for the sensitivity 322 to divergence time estimates ( Figure 3A) . We observed an exponential trend of species accumulation 323 consistent with a late burst of cladogenesis or early extinction (Pybus γ=0.284). Third, we used 324 MEDUSA (Alfaro et al., 2009 , Drummond et al., 2012b to detect shifts in diversification rate in the 325 Sclerotiniaceae phylogeny. MEDUSA reported two shifts, corresponding to shifts s 1 and s 2 ' identified 326 in BAMM (Sup. Fig. 3D ). We used a bootstrap approach to test for the sensitivity of these shifts to 327 sampling richness, tree completeness and dating accuracy (Figure 3B, Supplementary Figure 3) . Shift 328 s' 2 was detected in 100% of the bootstraps. Shift s 1 was the second most frequent shift detected in 329 our bootstrap analysis although it appeared sensitive to sampling richness in particular. Estimates of 330 speciation rates in MEDUSA were robust to sampling richness, tree completeness and dating accuracy 331 (r~0.038 in G1, r~0.074 in G2 and r~0.31 in G3). These values were consistent with diversification rate 332 estimated in BAMM for each regime (Figure 3C) . Fourth, we used model-free analysis of branching 333 patterns in phylogenetic trees with R-PANDA (Morlon et al., 2016) . The spectrum of eigenvalues 334 suggested eight modes of division in the phylogeny of the Sclerotiniaceae (Supplementary Figure 4A -335 B). Comparison to randomly bifurcating trees suggested that these modalities are significant (BIC 336 ratio 0.09). The modalities identified by RPANDA k-means clustering algorithm overlapped with the 337 three macro-evolutionary regimes identified previously (Supplementary Figure 4C) . Overall, these 338 analyses converged towards the identification of three macro-evolutionary regimes in the Lineage-through-time plots for the Sclerotiniaceae tree and 1000 trees in which branching times were altered randomly by -15% to +15% to control for the sensitivity to divergence time estimates. Pybus γ for the Sclerotiniaceae tree is provided. (B) Frequency (n) of diversification rate shift detection and diversification rate estimates (r) in a 100 MEDUSA bootstrap replicates in which sampling richness, tree completeness and divergence times were randomly altered. Labels indicate average diversification rate estimates (r) for each macro-evolutionary regime (blue for G1, grey for G2, brown for G3), with standard deviation of the mean for a 100 replicates. (C) Net diversification rates over time estimated by BAMM for each macro-evolutionary regime (blue for G1, grey for G2, brown for G3). Regime G3 corresponding to Botrytis genus was the most recently diverged and presented the 343 highest diversification rates. 344
We compared the proportion of broad host range (≥5 plant families) fungal species that emerged in 345 the Rutstroemiaceae, in the Sclerotiniaceae, and under each the three macro-evolutionary regimes in 346 the Sclerotiniaceae (Figure 2B) . We randomly permuted host range values across the tree 10,000 347 times to estimate the p-values of these proportions occurring by chance. We counted one (1.8%, p= 348 0.9959) broad host range species in the Rutstroemiaceae (Moellerodiscus lentus) and eleven (10.4%, 349 p= 0.0359) in the Sclerotiniaceae. In the Sclerotiniaceae, regime G2 with intermediate diversification 350
rates showed the highest proportion of broad host range species (16.2%, p=0.0163), followed by 351 regime G3 (8.7% of broad host range species, p=0.537) and regime G1 (5.1% of broad host range 352 species, p=0.8407). These analyses suggest that the evolutionary history of regime G2 could have 353 favored the emergence of broad host range parasites in the Sclerotiniaceae. Within the last 50 Ma the world has experienced an overall decrease in mean temperatures but with 358 important fluctuations that dramatically modified the global distribution of land plants (Zachos et al., 359 2001 , Donoghue & Edwards, 2014 , Nürk et al., 2015 . We hypothesized that modifications in the 360 and a simplified set of 121 associations. Reconstructions were also performed independently on each 371 of the three macro-evolutionary regimes. CoRe-PA classifies host-pathogen associations into (i) 372 cospeciation, when speciation of host and pathogen occur simultaneously, (ii) duplication, when 373 pathogen speciation occurs independently of host speciation, (iii) sorting or loss, when a pathogen 374 remains associated with a single descendant host species after host speciation, and (iv) host switch 375 (also designated as host jump) when a pathogen changes host independently of speciation events 376 (Merkle et al., 2010) . The CoRe-PA reconstructions indicated that duplications and host switch each 377 represented ~34% of host associations from the full set of host-Sclerotiniaceae associations. 378
Cospeciation and sorting each represented ~16% of host associations. The analysis of each macro-379 evolutionary regime indicated that G1 is characterized by high duplication and low host jump 380 frequencies and G3 by low cospeciation and sorting frequencies and high host jump frequencies 381 ( Figure 4B) . We next used Procrustean superimposition in PACo (Balbuena et al., 2013) to identify 382 host-pathogen associations that contribute significantly to co-phylogeny between Sclerotiniaceae and 383 host plant families. The PACo analysis suggested that overall, the Sclerotiniaceae lineages are not 384 randomly associated with their host families (P<0.01). The PACo analysis also includes taxon 385 jackknifing to test for the relative contribution of each host-pathogen association in the co-phylogeny 386 pattern. In the full set of host-Sclerotiniaceae associations, ~21% contributed positively and 387 significantly to cophylogeny, likely representing cospeciation events, while ~31% contributed 388 negatively and significantly to cophylogeny, therefore likely representing host jump events ( Table 1) . 389
Taxon jackknifing on individual macro-evolutionary regime revealed a high frequency of associations 390 with positive contribution to cophylogeny (likely cospeciation) in G1, and a high frequency of 391 associations with negative contribution to cophylogeny (likely host switch) in G3, in good agreement 392 with the CoRe-PA analysis. In addition to the types of host-parasite association mentioned before, 393 Jane 4 identifies 'failure to diverge' associations, corresponding to events when a host speciates and 394 the parasite remains on both new host species (Conow et al., 2010) . Jane 4 analysis for the whole 395
Sclerotiniaceae family (simplified set of associations) identifies losses as the dominant form of host 396 association (~65%), followed by duplications (~15%) and host jumps (~12%) while failure to diverge 397 (~5.5%) and cospeciation (~3%) were rare events ( Table 1) . Consistent with CoRe-PA and PACo 398 analyses, Jane 4 found the highest rate of host jumps in regime G3 (~42%). Unlike previous analyses, 399 Jane 4 found the highest rate of cospeciation in G3 (~9.7%). G1 was characterized by a high 400 duplication rate while G2 was characterized by a high rate of losses and failure to diverge events but 401 the lowest host jump rate. Overall, our co-phylogeny analyses converged towards the conclusion that 402 cospeciations represent a minor proportion of host associations in the Sclerotiniaceae and that the 403 16 proportion of host jumps varied markedly between the three macro-evolutionary regimes, with G3 404 showing the highest host jump rate (between 33% and 42%). 405
DISCUSSION 406
Our analyses lead to a model in which the extant diversity of Sclerotiniaceae fungi is the 407 result of three macro-evolutionary regimes characterized by distinct diversification rates and host 408 association patterns. Patterns of co-phylogeny decreased from regime G1 to G3, while the frequency 409 of inferred host jump events increased from G1 to G3. Regime G2, which includes the highest 410 proportion of broad host range parasites, showed a frequency of host jumps intermediate between 411
G1 and G3. Our co-phylogeny analyses are consistent with the view that long-term plant-pathogen 412 co-speciation is rare (deVienne et al., 2013) . The decrease in host-pathogen co-phylogeny signal from 413 G1 to G3 regime (Figure 4 ) could indicate more frequent true co-speciation events in early diverging 414
Sclerotiniaceae species, or could result from host jumps being restricted to closely related hosts for 415 G1 species whereas G2 and G3 species progressively gained the ability to jump to more divergent 416 hosts (deVienne et al., 2007 , deVienne et al., 2013 . Low diversification rates, notably in regime G2, 417 may have resulted from increased extinction rates. It is conceivable that a high extinction rate of 418 specialist parasites during regime G2 is responsible for the reduced clade diversification rates, while 419 increasing the apparent frequency of emergence of generalist species. This phenomenon, consistent 420 with the view of specialization as "an evolutionary dead-end" (leading to a reduced capacity to 421 diversify), is notably supported in Tachinidae parasitic flies and hawkmoths pollinating Ruellia plants 422 (Day et al., 2016 ). An analysis of Papilionoidea and Heliconii revealed lower rates of diversification for 423 butterfly species feeding on a broad range of plants compared to specialist butterflies (Hardy & Otto, 424 2014 , Day et al., 2016 . Consistently, theoretical models of sympatric speciation predict that 425 competition for a narrow range of resources (specialization) to be a strong driver of speciation 426 (Dieckmann & Doebeli, 1999 ). Similar to plant-feeding insects, the diversity of fungal and oomycete 427 pathogens is considered largely driven by host jumps rather than host specialization that may follow 428 (Hardy & Otto, 2014 , Choi & Thines, 2015 . Low diversification rates in G2 may also result from a 429 strong increase in diversification rate during the transition from regime G2 to G3. Our ancestral state 430 reconstruction analysis inferred a jump to monocots at the base of regime G3 (Figure 1) . A recent 431 study on Hesperiidae butterflies reported a strong increase in diversification coincident with a switch 432 shows a continuous distribution from specialists to broad host range generalists, with the majority of 452 species being specialists. Mathematical analyses and studies of the host range of insect herbivores 453 suggest that host range expansion could involve the emergence of a "pre-adaptation" followed by the 454 colonization of new hosts (Janz & Nylin, 2008) . The existence of such pre-existing enabler traits has 455 been proposed as a facilitator for several shifts in plant species distribution (Donoghue & Edwards, 456 2014) . Notably, the pre-existence of a symbiotic signaling pathway in algae is thought to have 457 facilitated the association of land plants with symbiotic fungi (Delaux et al., 2015) . In the plant genus 458
Hypericum, increased diversification rates in the Miocene Epoch were likely facilitated by adaptation 459 to colder climates (Nürk et al., 2015) . In the bacterial pathogen Serratia marcescens and in yeast, 460 adaptation to temperature change was associated with improved tolerance to other stresses (Ketola 461 et al., 2013 , Caspeta & Nielsen, 2015 . Analysis of the complete predicted proteomes of S. borealis, S. 462 sclerotiorum and Botrytis cinerea have revealed protein signatures often associated with cold 463 adaptation in the secreted protein of all three species (Badet et al., 2015) . Cold tolerance might have 464 been a pre-adaptation that facilitated the emergence of generalist parasites under low diversification 465 rates (regime G2) and a rapid diversification following host jumps on fragmented host populations 466 (regime G3). Indeed, Sclerotinia borealis, S. glacialis, S. subarctica and S. nivalis, that diverged during 467 regime G2, are largely restricted to hemiboreal climates (circumboreal region) and can have a lower 468 optimal growth temperature than their sister species (Saito, 1997 , Hoshino et al., 2010 . 469
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